The purpose of this study was to evaluate whether agonist muscle fatigue changed the coactivation time and the co-contraction magnitude of the agonist and antagonist muscle, and if the agonist muscle fatigue produced bias (constant error: CE) and inconsistency (variable error: VE) of the force. Subjects are 10 healthy people and one person with impaired proprioception. EMG and force for fast (0.19 ± 0.06 s) and slow (1.20 ± 0.44 s) targeted isometric dorsiflexions were recorded before and after fatigue of the dorsiflexors. The results revealed that the coactivation time increased after fatigue only in the slow contractions but the co-contraction magnitude did not change. The postfatigue increment of the CE was greater in the fast contractions than in the slow ones. We conclude that the postfatigue compensatory strategy can reduce the fatigueinduced bias. The change of muscles activation level after fatigue might be under the influence of the common drive. Impaired proprioception is a possible cause of the fatigue-related increase in bias and inconsistency.
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Fatigue is very common in sports toward the end of a game. The ability to precisely control force after fatigue is important in sports competitions. When muscles become fatigued, the maximal force output decreases and the contractile speed becomes slower (De Luca & Mambrito, 1987; Gibson & Edwards, 1985) . Recruitment of additional motor units to compensate for muscle contractile failure has also been reported in fatigue induced by sustained and repeated submaximal contractions (Bigland-Ritchie et al., 1986) . The motor unit firing rate was also reported to be declined following sustained contractions (Bigland-Ritchie et al., 1986) . Nyland et al. found that after the quadriceps femoris muscle was fatigued, the onset of the quadriceps delayed but the onset of the hamstring was not changed during crossover cutting movement (Nyland et al., 1997) . They suggested that these activation profile changes were related to compensate knee stabilization when muscles function in a closed kinetic chain (Nyland et al., 1997) . It is not clear if the compensation strategies appear only when posture stabilization is required. In sports competitions, such as baseball pitching, precise control of the muscle force during a goaldirected task in an open kinetic chain condition in both the fresh and the fatigued statuses is important. It is not clear if there is also a compensation controlling strategy of agonist and antagonist after fatigue used to correct force-generating errors while weight bearing is not required.
The net resultant torque produced around a joint is controlled by the agonist and antagonist muscles (Magill, 2001) . The activation patterns of the agonist and antagonist muscles varied according to the movement speed
Methods

Subjects
Ten adults (five males and five females, 22.9 ± 1.97 years old) with no physical disabilities and one adult with proprioception loss (female, 54 years old) were recruited. The 10 adults had no history of neuromuscular disease and did not participate in regular exercise training for more than 2 hr per week. We did not recruit subjects who participated in regular exercise training to reduce the variability caused by sports training, such as the level of muscle endurance and fiber type composition. The impaired proprioception in the individual with proprioception loss was due to cerebral infarction. The infarction sites of the subject were at the right frontal lobe and lacuna as confirmed by CT scan. A neurological evaluation was performed by a physiatrist to confirm the exact extent of proprioception loss but with intact motor control, light touch, and sharp/dull sensations in the lower extremities. All subjects had adequate vision to clearly see the target line and force trace displayed on a 17-inch computer screen used in this study. One leg of each subject was randomly chosen for testing and the same leg was tested in both the fatigue and the control sessions. All subjects participated with informed consent, and the study protocols had been approved by our internal review board.
During testing, the subject sat on a rigid chair and faced the computer screen. The tested foot was firmly fixed on a custom-designed ankle torque measurement system with the ankle joint kept at a neutral position and the knee flexed to 90°. A force transducer (AWU-250, Genisco Technology) implanted in the torque measurement was electronically coupled to a transducer amplifier (Gould Inc., Valley View, OH, USA) with a gain range from 10 to 500 and a frequency response from dc to 1000 Hz. This torque measurement system was calibrated, in which the maximal error was less than 1% of full scale. The signals from the force transducer and the adjustable target line were displayed on the computer screen such that the subjects could see.
Electrical Recordings
The electromyography (EMG) of the tibialis anterior muscle (agonist muscle) and the soleus muscle (antagonist muscle) were recorded using surface electrodes. We chose the soleus muscle rather than the gastrocnemius muscle because the gastrocnemius is at a biomechanical disadvantage while the knee is flexed and thus has less contribution to ankle plantar-flexion torque in comparison with the soleus muscle. The EMG electrode consisted of two silver-chloride electrodes with an 8-mmdiameter center and 2-cm fixed interelectrode distance (B&L Engineering, Canada). One electrode was posi- (Ghez & Gordon, 1987) . Slow movements are associated with a continuous activation of the agonist muscle (greater than 200 ms), whereas fast movements are associated with coactivation of the agonist and antagonist (less than 120 ms) (Ghez & Gordon, 1987) , in which a triphasic EMG pattern is a specific pattern of coactivation (Brown & Gilleard, 1991) . The contraction of the antagonist muscle is important in controlling the net torque output because it can diminish the agonist torque, so as not to exceed the desired target level (Ghez & Gordon, 1987) . It is also suggested that the controlling of the agonist-antagonist coactivation pattern is a centrally programmed strategy (Sanes & Jennings, 1984) . In most of the sports competitions, agonist muscles fatigue more quickly than antagonist muscles. A plausible speculation is that the nervous system might modify the temporal relationship and/or relative activation level of agonist and antagonist muscles to reduce the potential errors of net force production following fatigue.
The quality of movement control is commonly evaluated by two types of errors, constant error (CE) and variable error (VE) (Magill, 2001 ). The CE is the mean of the differences between the goal and the actual performance, whereas the VE is the variability around the mean value on each trial. The CE evaluates the subject's tendency to be directionally biased when performing the skill and is also referred to as performance bias. The variable error evaluates the inconsistency, or variability, of a subject's performance (Magill, 2001) . There is lack of previous studies to clarify if the CE and/or VE increase after fatigue and whether they would be compensated for if temporal relationship and/or relative activation level of agonist and antagonist muscles changes. In addition, if the errors could be compensated after fatigue, it is interesting to know the role of sensory feedback, such as the proprioception feedback.
The purpose of this study was to evaluate the effect of agonist muscle fatigue after a series of isometric contractions on the CE, VE, and the agonist-antagonist muscle coactivation pattern in targeted isometric dorsiflexions of ankle at different contraction time. Further, this study also measured the postfatigue changes of CE and VE in an individual with proprioception loss to identify the role of proprioception on the compensation of the force control error. Isometric contraction tasks rather than movement tasks were chosen because a previous study found that the coactivation of agonistantagonist coordination was centrally programmed and the pattern was preserved in isometric targeted contractions (Sanes & Jennings, 1984) . In addition, the isometric contractions would not induce stretch reflexes of the antagonist muscle, which might occur during fast movements and confound the analysis of controlling strategies.
bally motivated during the fatigue protocol. The fatigue protocol terminated when the torque decreased to below 50% MVCd in three consecutive contractions. Five fast and five slow targeted isometric dorsiflexions were recorded immediately after the fatigued state had been reached. In the control session, the TA muscle remained at rest. Five fast and five slow targeted isometric dorsiflexions were recorded after the period of rest.
Data Analysis
The time to peak was defined as the duration from the onset of the TA muscle to the time when the peak dorsiflexion torque occurred. The raw EMG was transformed to the root-mean-square EMG (rmsEMG), and the onset and offset of TA and Sol were calculated through the rmsEMG-time curve (Figure 1) . The onset and offset tioned over the muscle belly of the tibialis anterior (TA), and the other electrode was positioned over the soleus muscle belly. The reference electrode was placed anterior and superior to the ankle joint over the tibial bone. The recording sites were chosen for minimal cross-talk from the antagonist muscle, which was evaluated by asking the subject to perform a nontargeted maximum isometric contraction of antagonist muscle and confirming that there was no detectable EMG from the electrode of the agonist muscle, according to the onset detection criteria described later. Each electrode contained an on-site preamplifier with a factor of 350 and was further amplified at the mainframe. The mainframe amplifier had an input impedance of greater than 10 MΩ, a common mode rejection ratio of 100 dB at 60Hz, and a gain range from 0.5 to 100,000 times (Gould Inc.). Torque and EMG signals were digitally sampled at 4000 Hz through the Das16 AD converter (Keithley Instruments Inc., Cleveland, OH) by the EasyestLx (Keithley Instruments Inc.).
Procedures
All of the subjects participated in two sessions, namely, the fatigue and control sessions, separated by 1 week. All the testing procedures were the same in both the fatigue and the control sessions, except for the fatigue protocol being replaced by a period of rest in the control session.
In the beginning of each session, the subject performed five maximum voluntary ankle dorsiflexions (MVCd) and plantar flexions (MVCp) with 10-s rest intervals, respectively. The maximum difference of the peak of contractions was less than 1.1%. The peak torque of the highest three MVCd were averaged for the purpose of setting the target, whereas averaged MVCp was used to monitor the state of antagonist muscle fatigue. No antagonist fatigue was shown in the presented study (Pre-MVCp was 28.29 ± 6.16 N·m and post-MVCp was 28.76 ± 5.44 N·m in the fatigue session). The target line was set at 40% MVCd. Both the target line and a trace of the generated torque were displayed on the computer screen for the instant visual feedback. After 20 practices, five fast and five slow targeted isometric dorsiflexions with peak torque just hitting the target line displayed on the screen were recorded. For the fast targeted isometric dorsiflexions, the subject was instructed to contract their muscle as quickly as possible. For the slow targeted isometric dorsiflexions, the subject was instructed to contract their muscle at a self-chosen comfortable contraction time. Despite the greater accuracy in calculation of VE when a greater number of trials are performed, we chose to perform five contractions under each contraction time condition to minimize possible fatigue induced by excessive number of contractions.
In the fatigue session, the TA muscle was then fatigued by intermittent maximal isometric dorsiflexions with an on / off time of 1s / 1s. Subjects were ver- Two-way status (pre vs. post) × contraction time (fast vs. slow) repeated-measures ANOVA with post hoc Tukey testing was used separately for fatigue and control sessions for subjects without physical disabilities. A significant level was set at p < .05. The data from the subject with proprioception loss was analyzed descriptively.
Results
For subjects with no physical disability, the averaged time to peak of the slow targeted isometric contractions was significantly longer than that in fast targeted isometric contractions, both in the fatigue (df = 1, F = 38.1, p < .0001) and control sessions (df = 1, f = 181.98, p < .0001) ( Table 1 ), confirming that this study successfully induced contractions at two different contraction times. In the fatigue session, the time to peak increased after fatigue for both fast and slow targeted isometric dorsiflexions (df = 1, F = 5.35, p = .045) ( Table 1) .
In terms of the coactivation time, the interaction between status and contraction time was significant (df = 1, F = 9.65, p = .012) in the fatigue session. This suggested that the fast and slow targeted isometric dorsiflexions responded differently to fatigue (Figure 2 ). The coactivation time increased after fatigue for slow targeted isometric dorsiflexions (from 0.67 ± 0.24 to 0.80 ± 0.20, df = 1, F = 9.65, p = .013) but not for fast ones (from 0.82 ± 0.11 to 0.83 ± 0.07, df = 1, F = 0.05, p = .820), suggesting that the temporal relationship of the TA and soleus muscles changed after fatigue only for slow isometric targeted contractions. In the control session, the coactivation time did not change significantly in two trials (df = 1, F = 0.026, p = .615) (Figure 2) .
In terms of the co-contraction magnitude, neither the main effect nor the interaction between status and contraction time changed significantly in fatigue and in control sessions (Figure 3 ). This suggested that co-contraction magnitude did not change significantly owing to either fatigue or contraction time. The EMG amplitude of both TA and soleus muscles increased after fatigue in both fast and slow contractions (Table 2) .
In terms of the CE, a significant interaction between status and contraction time (df = 1, F = 5.71, p = .041) was found in the fatigue session. This suggested that the for the TA and Sol were detected when the curve passed through the threshold which was at the mean plus 2 times standard deviation of the baseline. The mean amplitude of the rmsEMG-time curve between the onset and offset time was calculated for TA and soleus muscles in each of the contractions. These amplitudes were then normalized to that during MVC to represent the activation level.
The co-contraction magnitude was the ratio of the activation level of antagonist (soleus) to the activation level of agonist (TA) muscle (Eq. 1). Averaged co-contraction magnitude of each targeted contraction was determined.
Co-contraction magnitude =
(1) activation level of Soleus ÷ activation level of TA The coactivation time represents the temporal relationship between TA and Sol. This parameter was expressed as the activation duration for both TA and Sol divided by the total duration (Eq. 2) (Figure 1 ).
Coactivation time = T both TA Sol activated / T total (2)
The CE was calculated by the mean difference between each of the targeted torque and the peak torque generated by the subject and was expressed as the percentage of the targeted torque (Eq. 3) (Magill, 2001) .
where Xi = peak torque generated by the subject, T = targeted torque, and n = number of contractions in each testing condition. The VE was calculated by the standard deviation of the difference between each targeted torque and each peak torque generated by the subject and was expressed as the percentage of the targeted torque (Eq. 4) (Magill, 2001) .
where Xi = peak torque generated by the subject, M = the subject's average torque, n = number of contractions in each testing condition, and T = targeted torque. Figure 3 -The group average and standard error of the co-contraction magnitude in fatigue and control sessions for subjects without physical disability. In the fatigue session, he interaction between status and contraction time was not significant in the fatigue session or in the control session. The co-contraction magnitude of fast (black circle) and slow (black triangle) targeted isometric dorsiflexions did not change significantly. In the control session, the co-contraction magnitude of fast targeted isometric dorsiflexions (gray circle) and slow targeted isometric dorsiflexions (gray triangle) did not change significantly. #Significant interaction, p < .05. *Significant difference, p < .05.
Figure 2 -The group average and standard error of the coactivation time in fatigue and control sessions for subjects without physical disability. The interaction between status and contraction time was significant in the fatigue session, but not in the control session. The coactivation time of fast targeted isometric dorsiflexions did not change significantly in the fatigue session (black circle). The coactivation time of slow targeted isometric dorsiflexions increased after fatigue (black triangle). In the control session, the coactivation time of fast targeted isometric dorsiflexions (gray circle) and slow targeted isometric dorsiflexions (gray triangle) did not change significantly. #Significant interaction, p < .05. *Significant difference, p < .05.
after fatigue, which differed from those without physical disabilities. The time to peak of fast targeted dorsiflexions was less than 200 ms but slightly greater than 120 ms, as suggested by Ghez and Gordon (1987) . It might be due to the different muscle groups investigated-the ankle dorsiflexors in the current study and the elbow flexors in previous literature. However, in our study, the time to peak in the fast dorsiflexions was significantly different from the slow dorsiflexions even in the fatigued condition. This suggested that subjects successfully produced contractions at two distinguished of contraction time.
In the current study, the time to peak of both fast and slow targeted dorsiflexions significantly increased after TA muscle fatigue. The increase of time to peak after fatigue was possibly due to the fatigue-related change of the contractile speed rather than the change of the contraction strategy. Previous research has reported a slowing of contractile speed after muscle fatigue (De Luca & Mambrito, 1987; Gibson & Edwards, 1985; Shields and Chang, 1997; Chang & Shields, 2002) , and the contractile speed was reported to be fully recovered at 15 min after fatigue Shields and Chang, 1997; Chang and Shields, 2002) . Psek and Cafarelli found that the activation of the antagonist muscle increased when the agonist muscle fatigued in a non-targeted knee extension task (Psek & Cafarelli, 1993) . Since it is at an apparent biomechanical disadvantage to force generation, and a close correlation was found between the antagonist and agonist EMG, Psek and Cafarelli attributed it to the action of the common drive to antagonist and agonist motoneuron pools where the common drive increased to compensate for the fatigue of the agonist muscle (Psek & Cafarelli, 1993) .
In our study, the way to calculate the co-contraction magnitude should be valid enough to identify the "common drive" from TA and soleus muscles. Solely estimating the EMG magnitude of antagonist muscle might be an alternative to represent the co-contraction magnitude. However, by observing an increase of antagonist EMG amplitude, one would not be able to judge whether its increase was proportional to the increase of agonist EMG amplitude and to judge whether it was under the influence of common drive. In our study, the unchanged co-contraction magnitude in the fatigue session was achieved by increasing the activation level of fast and slow targeted isometric dorsiflexions responded differently to fatigue ( Figure 4A ). The CE increased from 11.69% ± 4.80 to 24.31% ± 6.53% after fatigue for the fast targeted isometric dorsiflexion (df = 1, F = 28.85, p < .001). This increment is greater than that for slow targeted isometric dorsiflexion, which was from 4.55% ± 2.16 to 10.27% ± 4.1% (df = 1, F = 11.97, p = .007). In the control session, the CE did not change significantly in two trials (df = 1, F = 0.05, p = .829) ( Figure 4A ).
In terms of the VE, the interaction between fatigue status and contraction time was not significant (df = 1, F = 2.39, p = .156) in the fatigue session. This suggested that the fast and slow targeted isometric dorsiflexions did not respond differently to fatigue ( Figure 4B ). The main effect we observed was that the VE significantly increased after fatigue for both fast (from 8.47% ± 3.73% to 17.23 ± 9.02) and slow (from 2.82% ± 1.36 to 6.71% ± 2.72%) targeted isometric dorsiflexions (df = 1, F = 12.07, p = .007). In the control session, the VE did not change significantly in two trials (df = 1, F = 0.021, p = .947) ( Figure 4B ).
For the subject with proprioception loss, the initial CE ( Figure 5A ) and VE ( Figure 5B ) for both fast and slow targeted isometric dorsiflexions were greater than those in subjects without physical disabilities. After fatigue, the CE increased in fast targeted contractions (from 66.86% to 72.93%) but decreased in slow targeted contractions (from 45.55% to 41.08%). The VE increase in both fast (from 36.76% to 46.69%) and slow targeted contractions (from 19.70% to 28.70%) following fatigue.
Discussion
The main finding of this study was that the temporal relationship between the TA and Sol changed after fatigue only in slow targeted isometric dorsiflexions but not in fast ones. Time to peak increased after fatigue for both fast and slow targeted isometric dorsiflexions. The co-contraction magnitude did not change after fatigue. Both CE and VE increased after fatigue. The increments of CE were less in the slow targeted isometric dorsiflexions than those in the fast ones, whereas the increments of VE were similar in slow and fast isometric contractions. In the subject with impaired proprioception, the CE of slow targeted isometric dorsiflexions decreased Figure 4 -The group average and standard error of the CE (a) and VE (b) in fatigue and control sessions for subjects without physical disability. a: In the fatigue session, the CE of both fast (black circle) and slow (black triangular) targeted isometric dorsiflexions increased after fatigue, and the increment was greater for the fast targeted isometric dorsiflexions (#Significant interaction, p < .05). In the control session, the CE of fast targeted isometric dorsiflexions (gray circle) and slow targeted isometric dorsiflexions (gray triangular) did not change significantly. b: In the fatigue session, the VE of both fast (black circle) and slow (black triangular) targeted isometric dorsiflexions increased after fatigue, but the increment were not different. In the control session, the VE of fast targeted isometric dorsiflexions (gray circle) and slow targeted isometric dorsiflexions (gray triangular) did not change significantly. #Significant interaction, p < .05. *Significant difference, p < .05. Figure 5 -The CE (a) and VE (b) in the fatigue for the subject with impaired proprioception (black circles and black triangles) and for the subjects without physical disabilities (gray circles and gray triangles). a: The CE of fast targeted isometric dorsiflexions (black circle) and slow (black triangular) targeted isometric dorsiflexions in the subject with impaired proprioception were greater than in the subjects without physical disabilities (gray circles and gray triangles). The CE of slow targeted isometric dorsiflexions in the subject with impaired proprioception did not increase after fatigue. b: The VE of fast targeted isometric dorsiflexions (black circle) and slow (black triangular) targeted isometric dorsiflexions in the subject with impaired proprioception were greater than the subjects without physical disabilities (gray circles and gray triangles). The VE of both the fast and slow targeted isometric dorsiflexions increased after fatigue in the subject with impaired proprioception and in the subjects without physical disabilities a b both TA and soleus muscles and could be explained by the influence of the "common drive." There was no previous study suggesting that the common drive could influence the temporal relationship of the agonist and antagonist muscles. In our study, the coactivation time changed after fatigue in slow targeted isometric dorsiflexions, suggesting that the change of agonist muscle activation time was not proportional to that of antagonist muscle. The common drive might not be a contributory factor to the change of coactivation time. Instead, factors other than common drive, such as change of controlling strategy, are suggested.
Because there is not enough time for feedback control in the fast isometric dorsiflexions, the selective increase of coactivation time in slow targeted isometric dorsiflexions but not in fast ones suggested that the increase of coactivation time occurs only in tasks with time for feedback control. The increased coactivation time after fatigue in slow targeted isometric dorsiflexions is possibly a compensating strategy after muscle fatigue. Several researchers (Corcos et al., 2002; Lucidi & Lehman, 1992; Tschoepe et al., 1994) have found that the time course of the agonist EMG changed after fatigue, and they attributed the change of the temporal relationship to a compensating strategy for a fatigueweakened muscle. To clarify whether this change was due to a longer activation of the agonist muscle or from an earlier onset of the antagonist muscle, we analyzed the profiles of the agonist and antagonist separately for the slow targeted dorsiflexion. We found that the postfatigue increase of the coactivation time for the slow contractions resulted from an earlier onset of the antagonist muscle for about 50 ms. Nyland et al. found that after the quadriceps femoris muscle was fatigued, the onset of the quadriceps delayed but the onset of the hamstring was not changed during crossover cutting movement (Nyland et al., 1997) . In other words, the onset of the hamstring became earlier relative to that of the quadriceps femoris muscle. They suggested that these activation profile changes were related to compensations for knee stabilization when muscles function in a closed kinetic chain (Nyland et al., 1997) . Our study showed that this compensation strategy also appeared when posture stabilization was not required.
The CE evaluates a subject's tendency to be directionally biased when performing a skill (Magill, 2001) . In this study, the CE increased after fatigue in both fast and slow targeted isometric dorsiflexions in subjects without physical disabilities, indicating that a directional bias might have occurred following fatigue. This increase in CE was unlikely to be attributed to the insufficient muscle strength of the agonist muscle after fatigue. The stopping criteria of the fatigue protocol in this study were at 50% MVC of every subject, which was higher than the target force level (40% MVC) and some subjects overshot the target after fatigue. Increased motor unit recruitment and/or increased firing rates necessary to meet the higher relative force levels may be associated with an increased CE after fatigue.
A possible cause of increased CE is the bias of the sense of the force level. The force generated by a muscle was reported to be overestimated after fatigue (Jones, 1983 (Jones, , 1995 . The sense of force changes is mostly likely to be signaled by the Golgi tendon organs (Jones, 1995) . It has been reported that the sensitivity of the Golgi tendon organs (Hutton & Nelson, 1986 ) is reduced after muscle fatigue. Therefore, the subjects might have overestimated the force level following fatigue and thus, have undershot the required force and cause an increase in CE.
The finding of a lower postfatigue increment on the CE in the slow targeted isometric dorsiflexions than in the fast ones suggests that the CE could be corrected by real-time feedback. Sanes et al. suggested that fast movement relied more on feedforward control, whereas the slow contractions relied on both feedforward and feedback control (Sanes & Jennings, 1984) . Since the targeted level was constantly displayed on the screen, for the slow targeted isometric dorsiflexions, subjects had enough time to correct the contraction level, possibly using visual feedback.
The VE measures the inconsistency of the performance (Magill, 2001 ). This study showed that fatigue caused similar increments of VE in the fast and the slow targeted isometric dorsiflexions in subjects without physical disabilities, indicating that slowing the movement could not reduce the fatigue-induced performance inconsistency. It has been reported that force potentiation coexists with fatigue (Fowles & Green, 2003; Gordon et al., 1990; Grange & Houston, 1991) . Studies have found that during repetitive stimulation, the muscle tension would potentiate in the absence of EMG changes (Gibson et al., 1988; Suzuki et al., 1988 ), indicating that the force level could vary even though the neural controlling strategy may have remained the same. In addition, studies have reported a gradual decrease in force during the recovery phase even though the fatigue protocol had stopped, and hence the term delayed onset fatigue (Shields, 1995; Shields et al., , 1998 Shields and Chang, 1997) . Both factors caused instability of the motor system and potentially contributed to the increase in VE after fatigue.
Large variable errors might also represent an insufficient basic skill for performance (Magill, 2001) , which is common in performing a new task (Gribble et al., 2003) . In this study, the relative target level was higher in postfatigue than in prefatigue. Targeted contractions performed by fatigued weakened muscles might have been considered by the nervous system as a new task, and thus the increased VE. If this is the case, the fatiguerelated increase in VE might be decreased by increasing the number of practices. In this study, possibly because the number of testing trials was insufficient to demonstrate the learning effect, we did not observe the trend of VE decreasing over time. Researchers suggest that a large improvement in accuracy and variability improvement occurs within the first 10-20 practice trials (Floyer-Lea & Matthews, 2005) . In our study, subjects had 20 practices before both fatigue and control sessions. Since the targeted isometric contractions were not a difficult task for healthy subjects and a pilot trial in a subject showed that the performance of the subject reached a stable condition within initial 10 contractions, we believe that the effects observed in this study were less likely to be explained merely by learning.
Proprioception feedback is important for the overall CE and VE because the subject with impaired proprioception showed a greater CE under all conditions in comparison with the subjects without physical disability. In the subject with impaired proprioception, the proprioception could not be worse than the prefatigue condition. Therefore, if the impairment in proprioception is the primary cause of CE increase after fatigue in healthy subjects, a plausible assumption is that the CE would not have increased after fatigue in the subject with impaired proprioception. This assumption was supported by our data, which showed a lack of increase in CE in the subject with impaired proprioception. Therefore, we suggest that proprioception is one of the key factors contributing to the increased CE after fatigue.
The postfatigue increase of CE is less in slow contractions as compared with that in fast contractions, suggesting that some "feedback" mechanisms were used by subjects to correct the contractions. In the subject with impaired proprioception, there was an accustomed dependence on visual feedback. In healthy subjects, since the proprioception had become worse after fatigue, it is highly possible that the vision is the key for correcting the contraction level after fatigue. However, although this subject was identified as without any significant neurological deficits other than proprioception loss, she might still be at a motor disadvantage, such as increased fatigability or the reduced capacity to maximally drive her muscles. The role of proprioception in the control of targeted movement should be further clarified in future studies.
To conclude, our results suggested that both the bias and inconsistency of targeted isometric contractions were worsened after agonist muscle fatigue. Worsening of proprioception after fatigue might be a key factor for increased movement bias and inconsistence. The postfatigue compensatory strategy only existed in slow contractions, which was evidenced by the changes of the temporal relationship between agonist and antagonist muscle activations. This compensatory strategy could reduce the bias induced by fatigue but not the inconsistency. The co-contraction magnitude did not change after fatigue although the activation level of both TA and soleus muscles increased after fatigue. The change of TA and soleus muscle activation level after fatigue might be under the influence of the "common drive."
